ABSTRACT In this paper, a method using dielectric barrier discharge for SF 6 abatement is investigated. The destruction and removal efficiencies (DRE) of plasma abatement of 2% SF 6 in the presence of H 2 O and O 2 were studied. The addition of H 2 O and O 2 effectively promoted the decomposition process of the SF 6 . With the participation of 0.5% H 2 O and 2% O 2 , the DRE reached 98.2% at 50mL/min flow rate and the energy efficiency reached 5.73 g/kWh. By emission spectra and products composition analysis, we found that the addition of H 2 O can generate a large amount of H and OH radicals in plasma region, making SF 6 tend to degrade to produce SO 2 . The addition of O 2 can generate a large amount of O radicals, which promotes the production of SO 2 F 2 . The addition gas not only affects the type of products, but also determines the selectivity of each degradation product. The results in this paper provide experimental support for the treatment of SF 6 tail gas using low temperature plasma.
I. INTRODUCTION
As a colorless, odourless and non-toxic gas, SF 6 is widely used in the power industry as the insulating gas because of its excellent insulation properties. However, SF 6 has a very strong greenhouse effect with a globel warming potential up to 23,500 and a stable atmospheric presence of 3,200 years [1] . It was one of the six greenhouse gases listed in the 1997 Kyoto Protocol [2] . In recent years, with the development of the power industry, the demand for SF 6 has been increasing. The electrical field accounts for about 80% of the total demand of SF 6 [3] . In the past five years, the content of SF 6 in the global atmosphere has increased to the order of ∼10 5 tons [4] . Therefore, the emission and treatment of SF 6 is a hot issue in environment field in recent years.
Methods like thermal degradation [5] - [8] , photodegradation [9] - [11] , catalyst decomposition [12] and electrical degradation have been applied for abating SF 6 . The first three methods have disadvantages such as low processing efficiency and harsh reaction conditions, and are not suitable for large-scale industrial use. Electrical degradation methods are based on nonthermal plasmas include microwave discharge, radio frequency discharge, dielectric barrier discharge (DBD) and other means. The active particles in plasma collide with the SF 6 molecule and decompose S-F bonds [13] - [16] . DBD discharge, as a low-temperature plasma, has relatively simple discharge conditions and experimental setup, and is relatively safe to operate. It is widely used to treat VOCs and other industrial tail gases [17] - [19] . In recent years, some scholars have studied the degradation of SF 6 with DBD and the effects of factors such as addtion gases and humidity on the degradation of SF 6 were researched [20] - [22] . Lee et al. used DBD and combined plasma catalysis (CPC) methods to treat SF 6 and studied the effects of different added gases such as Ar, O 2 , C 2 H 4 and H 2 O on degradation. They mainly studied the degradation process of a very low concentration of SF 6 (300 ppm). Zhuang et al. used a DBD discharge to degrade 820 ppm of SF 6 at 623 ml/m, which the SF 6 degradation rate is close to 100%. Zhang et al. used DBD discharge to degrade SF 6 , CF 4 and SF 5 CF 3 gases, and analyzed the composition of degradation products by infrared spectroscopy. None of the above studies detected and analyzed active particles in DBD processes by means of optical emission spectrum.
Emission spectrum analysis can effectively obtain parameters such as active particle contents in the plasma region, and does not interfere with the gas discharge process. It is a common research method for gas discharge phenomena. In 1989, Radovanov et al. [23] studied the emission spectrum of SF 6 /N 2 /Ar under RF discharge. In 1990, Sadeghi et.al. studied the production of SF 2 in pure SF 6 over the discharge process by emission spectroscopy [24] . Thereafter, the formation processes of SF x and F atoms in SF 6 decompositon were studied [25] - [30] . However, the emission spectrum of the SF 6 decomposition process with additional gases (H 2 O and O 2 ) has not been studied.
In this paper, we obtained the emission spectra of SF 6 /Ar mixed gas with the participation of O 2 and H 2 O, and analyzed the composition of active particles. The decomposition products were detected by fourier transform infrared spectroscopy (FTIR) and gas chromatography-mass spectrometer (GC-MS). Finally, the degradation effect of SF 6 under the participation of H 2 O and O 2 was discussed. Relevant research results provide reference for further efficient and harmless treatment of high concentration SF 6 .
II. METHOD A. TEST PLATFORM
The schematic diagram of the DBD plasma system is shown in Figure 1 . The plasma is generated by the plasma power supply (CTP-2000K, Nanjing Suman Electronics), with power frequency of 5-20 kHz, operating voltage of 0-30 kV, output power of 0-300 W. The reactor is a concentric double quartz tube. The outer diameter of the inner tube is 8 mm, the thickness of the inner tube is 2 mm. The inner diameter of the outer tube is 20 mm, the thickness of the outer tube is 2.5 mm. The gap distance is 6 mm, the length of the tube is 300 mm and the discharge length is 200 mm. The volume of the discharge area is 86 cm 3 . The electrode material is copper.
The reaction gas was mixed by a gas distributor (GC500, Tunkon Electrial Technology Co. Ltd.) with a maximum ratio of 300: 1 and a precision of ±1%FS. The standard gas (Newradargas Co., Ltd, Wuhan) were 10% SF 6 , 10% O 2 and 99.999% pure Ar. Ar was used as a carrier gas during this experiment as it has been proven to have a good discharge effect in our previous studies [31] . H 2 O was added to the reactor through a gas-washing bottle and the H 2 O concentration was measured by a mirror dewpoint meter (GE600, Henan Relations Co., Ltd.). After testing, the temperature of the gas washing-bottle was maintained at about 298 K. Under the flow rate of 50∼100 ml/min, the concentration of H 2 O was basically maintained at 0.5%. The treated gas is introduced into the gas-washing bottle with saturated NaOH solution for further treatments.
The concentration of SF 6 was detected by gas chromatograph (GC) (GC-450, Shanghai Huishi Instrument). The concentration of SF 6 was determined by internal peak integration method using a TCD detector. SF 6 peak time is 2.4-2.6 min and the carrier gas is 99.999% high purity Helium. Several decomposition products (SO 2 F 2 , SOF 2 , SO 2 and SOF 4 ) were quantitatively detected by GC-MS (Shimadzu Ultra 2010plus with CP-Sil 5 CB column, SHIMADZU Co., Ltd.), using the internal peak integration method, 99.999% Helium as the carrier gas. The remaining product was detected by an FTIR (IRTracer-100, SHIMADZU Co., Ltd.) with a detection band of 400-4000 cm −1 , with a resolution of 1 nm, and 10 scanning times. The emission spectrum is detected by a three-channel spectrometer (MX2500+, Ocean optics Co., Ltd.), which uses a grating as a beam splitting element and a CCD array as a detector. The wavelength measurement range is 300-800 nm, the optical resolution is 0.1 nm, the integration time is 1 ms-65 s, and the trigger delay and trigger jitter are ± 450 ns and ± 10 ns, respectively.
The experimental conditions are summarized as follows: SF 6 concentration is fixed at 2%. The additives are H 2 O (0.5%), O 2 (0.5%-8%). The ratio of O 2 to SF 6 was O 2 /SF 6 = 1/2-4/1(Volume fraction). The reactor pressure was 101.3 kPa and the mixed gas temperature was 298 K. Power discharge frequency was 8.7 kHz, the input voltage was around 7-13.6 kV. The gas flow rate was controlled at 50 ml/min. The flow rate is relatively low and it's limited by the size of the discharge tube. When considering the practical application, tens of discharge tubes can form a matrix, which greatly increases the flow rate and throughput, and meets the requirements of industrial applications. This is one of our current research works.
B. PARAMETER CALCULATION METHOD
The product compositions were based on molar concentrations of the effluent. The destruction and removal efficiencies of SF 6 (DRE) were calculated as follows:
where C in and C out are the SF 6 concentrations before and after the treatment. Energy yield (EY) is calculated based on the DRE and the input power P i . EY is defined as the mass (g) of SF 6 VOLUME 6, 2018 degradation per unit of energy (kWh). The formula is:
Where, m SF6converted is the mass of SF 6 , the unit is g. P i is the input power and is directly read through the display on the voltage regulator table, the unit is kW. t is the reaction time and the unit is h. The selectivity calculation of the main sulfur-containing by-products is as follows:
Where K represents the name of the product and C K is the concentration of the product in the degraded gas.
III. RESULTS AND DISCUSSION
A. DRE AND EY 1) DRE Figure 2 shows the SF 6 DREs changed with input power under different gas additions. When no H 2 O or O 2 was added, the DRE was relatively low. When the input power was 34W, DBD discharge began to occur in the reactor, electrons and active particles reacted with SF 6 to make the S-F bonds broken by equation (4) . SF 6 was likely to be recombined by equation (5) and reduced the DRE. When the input power was increased, active particles were accumulated in the discharge area, which resulted in the decomposition process of SF 6 being much faster than that of the recombination process. Meanwhile, SF x also decomposed continuously by electron collisions, resulting in a significant increase in the DRE. When the input power was 90 W, the DRE reached 60%.
Relationship between SF 6 DREs and input power with different gases addition (2% SF 6 , 50ml/min).
When O 2 and H 2 O were added, the DRE showed a significant increase. The DRE reached 36% under 34W input power with 0.5% H 2 O, which may be due to the ionization of H + and OH − in the electric field. The two kind of ions can react with SF x and restrict the recombination process. Similarly, O 2 can oxidize the SF x and restricts the recombination process. Therefore, when O 2 or H 2 O were added, DRE exceeded 90% under 90W. In Figure 2 , when the input power was low, the effect of adding H 2 O was better than that of O 2 . When the input power was 68W, the DRE under 0.5% H 2 O reached 74.37%, while the DRE under 2% O 2 was only 46.91%. The degradation effect with O 2 addition is similar to the degradation effect without it. This may be due to that H 2 O is easier to ionize and generates active particles [32] . The low-fluorine sulfides and F − ions are more likely to react with OH − and H + . Besides, when the input power is low, O 2 acts as an electronegative gas, and O 2 ionization in the electric field needs to absorb energy, resulting in a decrease in energy for SF 6 breaking bond decomposition, which affects the DRE. However, when H 2 O and O 2 were added together, the DRE was highest, indicating that H 2 O and O 2 can simultaneously provide effective active particles and restrict the recombination process.
Besides, we obtained the SF 6 DREs under different O 2 concentrations with input power of 90W. The results are shown in Figure 3 . In Figure 3 , the DRE of SF 6 increased firstly and then decreased with the O 2 concentration changing from 1% to 8%. The DRE reached the maximum under 2% O 2 while c(SF 6 )/c(O 2 ) = 1/1. The change of O 2 concentration may affect the density of active particles in the discharge area. Too high or too low O 2 concentrations may cause the decrease of active particles, affecting the DRE of SF 6 .
Similarly, we maintain the input power of 90W unchanged, adding 0.5% H 2 O and changing the concentration of O 2 . The DRE change results are shown in Figure 4 . In Figure 4 , when the O 2 concentration does not exceed 2%, SF 6 has a high DRE, more than 95%. When the O 2 concentration exceeds 4%, the DRE droped rapidly, only 83.81%, indicating that too high concentration of O 2 also had inhibition effect when H 2 O was added. Therefore, under this experimental conditions, it is best to keep the ratio of O 2 to SF 6 at 1/1.
The 2% SF 6 DREs under different applied gases were summarized, as shown in Table 1 . The flow rate was 50 ml/min and the input power was 90 W. More details about C in and C out are summarized in supplementary data. 
2) EY
According to Equation 2, the EYs of SF 6 degradation were calculated and compared with the related studies [20] , [21] . The results are shown in Figure 5 . Compared with [20] , [21] , this experiment obtained a high DRE of 98.2% and the EY reached 5.73 g/kWh. This may indicate that the coordination between the power supply and the DBD reactor can generate a strong discharge space in the reactor. Meanwhile, with the participation of H 2 O and O 2 , the active particles were effectively increased and restricted the SF 6 recombination. 62 nm) . The Ar lines are all I-type, which were generated when the excited state Ar atom transited to a lower energy level.The proportion of Ar in the reaction gas was as high as 97.5%, so the intensity of the lines was relatively large. The production process of these excited state particles Ar * is as follows:
Ar + e(E > 11.5eV) → Ar * (6) The electron energy distribution in the SF 6 /H 2 O/Ar plasma system were calculated by Zhang et al. [31] . The number of electrons in this system with energy greater than 11.5 eV were relatively large, so a large amount of Ar * could be produced. In addition to the Ar lines, F I-type line at 739.87 nm was relatively large, which was generated by the dissociation of SF 6 molecules, and the production processes may be following the equations (7)- (9):
F + e → F * → F+hv
Or
At the same time, a weak O line was also found at 777.36 nm. In order to analyze the emission spectra of other particles during the discharge, the spectra in the range of 300-450 nm and 450-680 nm were filtered and amplified, as shown in Figures 7(a) and (b), and detailed active particles were analysed. In the range of 300∼450 nm, the main active particles were OH (308 nm), N 2 (308 nm, 357.61 nm and 380.46 nm), O (362.77 nm), F (385.14 nm), Ar (402.47 nm) and H (434.11 nm). In the range of 450-680 nm, the main active VOLUME 6, 2018 33 nm) . Moreover, the characteristic peaks of SF 6 molecules were detected at 450∼510 nm, which is consistent with the results of [29] . The source of OH and H radicals is water vapor in the reaction gas, wherein OH is a strong oxidizing group and played an important role in promoting chemical reactions. Since the Si line was detected, it indicates that the active F radicals generated by the dissociation of SF 6 reacted with SiO 2 in the quartz wall. However, the etching process is very slow, and can be neglected when the amount of SF 6 is not large. One reason for using quartz glass as the tube material is to better observe the discharge phenomenon. On the other hand, we has begun to use ceramic tubes as the discharge medium. The ceramic tubes have a similar dielectric barrier effect and are resistant to high temperatures and hardly react with the decomposition products of SF 6 , which is suitable for industrial applications. In the semiconductor manufacturing industry, the above reaction is also called the etching reaction. Therefore, O radicals may have two sources, etching of SiO 2 and further decomposition of OH groups. N 2 was absent from the reaction gas, but the band of N 2 was detected in the emission spectrum, and this may because of traces of N 2 leaking into the reactor. Due to the limitations of the emission spectroscopy technique, only the above active particles were detected, but this does not mean that only these active particles are present in the SF 6 /H 2 O/Ar plasma.
In this experiment, the by-products was qualitatively analyzed using FTIR, and Figure 8 is the FTIR spectrum of the degradation products under 0.5% H 2 O. According to Kurte et al. [34] , [35] , the degradation products corresponding to each characteristic peak were determined. In Figure 8 , the main products include SOF 2 , SOF 4 , SO 2 F 2 , SO 2 , SiH 4 , SiF 4 , SF 4 and S 2 F 10 , similar to the results of Lee et al. [20] . Among them, SF 4 and S 2 F 10 are the primary products of degradation, which were directly decomposed by SF 6 , and didn't react with H 2 O and its free radicals. The presence of SiH 4 and SiF 4 demonstrates that SiO 2 in quartz glass participated in the reaction. In order to analyse the formation characteristics of byproducts, the four products of SOF 4 , SO 2 F 2 , SOF 2 , and SO 2 were quantitatively detected by GC-MS, and their selectivity was calculated by equation (3) , as shown in Figure 9 . SOF 4 is the main product, with the highest selectivity, above 50%. Followed by SO 2 , the selectivity is also higher, above 25%, while the production of SO 2 F 2 and SOF 2 is smaller. The specific concentration values for the four gases are summarized in the supplementary data. 
2) O 2
In the experiment, the emission spectrum of the SF 6 /O 2 /Ar system was measured in the range of 300-800 nm. Figure 10 shows the measured emission spectrum, which is very similar to the spectrum of SF 6 /H 2 O/Ar plasma. The intensity of the line in the range of 690∼800 nm is relative large, mainly are Ar, F and O lines. Similarly, the emission spectrum of Figure 10 was filtered and amplified in the range of 300-450 nm and 450-680 nm to obtain detailed information, as shown in Figure 11 (a) and (b). In the 300∼450 nm spectrum, the main active particles detected were O (313.57 nm, 362.77 nm, 391.12 nm and 441.12 nm), N 2 (308 nm, 357.61 nm and 380.46 nm), F (385.14 nm) and Ar ( 427.85 nm). In the range of 450∼680 nm, the main active particles detected were O (464.83 nm), Ar (476.53 nm and 488.80 nm), S (550.91 nm) and Si (504.33nm and 594.81 nm). Compared with the SF 6 /H 2 O/Ar plasma spectrum, since there was no water vapor in the reaction gas, no OH line was detected, but the O lines increased. It can be seen that O radicals are the main strong chemically active groups in the SF 6 /O 2 /Ar discharge system. Since the Si line was detected, there were also two sources of O radicals. Some water vapor may leak into the reactor and caused the etching reaction of SiO 2 . However, there is no SF 6 characteristic peaks at 450∼510 nm, which may because SF 6 was degraded thoroughly before the measurement. Figure 12 is the FTIR spectrum of by-products in SF 6 /O 2 /Ar system. It can be seen that the main degradation products are SOF 2 , SOF 4 , SO 2 F 2 , SO 2 , SiF 4 , SF 4 and S 2 F 10 . These products were also present under SF 6 /H 2 O/Ar conditions, but since there were no H-containing particles in the plasma system, no SiH 4 was detected. This also indicates that changes in the applied gas will affect the type of degradation products. The specific concentration values for the four gases are summarized in the supplementary data.
The four products of SOF 4 , SO 2 F 2 , SOF 2 , and SO 2 were also quantitatively and their selectivity was calculated, as shown in Figure 13 . SOF 4 is still the most important product, with the highest selectivity, above 40%, lower than that in SF 6 /H 2 O/Ar system. Compared to H 2 O conditions, the selectivity of SO 2 F 2 was increased by more than 25%, while the selectivity of SO 2 was reduced. Although the selectivity of SOF 2 has increased, it is still low. Therefore, the addition gas not only affects the type of products, but also determines the selectivity of each degradation product.
According to the emission spectra, when H 2 O and O 2 participate in the reaction, O, H and OH radicals were generated to react with SF 6 and SF x to produce products such as SOF 4 , SO 2 F 2 , SOF 2 and SO 2 , which hinder the SF 6 recombination process. In Figure 6 , the line intensity of H 2 O/SF 6 /ar VOLUME 6, 2018 is stronger than that of SF 6 /O 2 /Ar in Figure10. This may be because the electronegativity of O 2 is stronger than that of H 2 O, and more electrons were adsorbed by O 2 which decreased the spectral intensity.
In our previous work, we've analyzed the possible decomposition paths of SF 6 under the participation of H 2 O and O 2 [32] . The reactions involved in the decomposition of SF 6 molecules with additional gases were summarized in Table. 2 [32] , [35] . Without additional gases, SF 6 caused reactions (10)- (16) in the discharge region and break bonds. Since these reactions are endothermic, the decomposition of SF 6 is relatively slow and recombination reactions may occur to produce SF 6 . Adding O 2 will generate a large amount of O radicals in the discharge area, promoted the reactions (17)- (24) and inhibited the recombination process of SF 6 , making SF 6 more inclined to produce SO 2 F 2 and SOF 2 .With H 2 O addition. The emission spectra in this experiment can prove that the addition of H 2 O will introduce a large amount of H and OH radicals in the discharge region, promoted the reactions (25)- (30) , which make SF 6 molecules more inclined to produce SO 2 . Meanwhile, reaction(33) will also cause an etching process on the inner wall of the reactor. Beside, the reaction (30) occurred and reduced the SOF 4 production, which is consistent with the Figure 13 . Since SO 2 F 2 is slightly soluble in water, and SO 2 is easily reacted with an alkali solution [36] , SO 2 is more easily treated, so the product with H 2 O addition is relatively better than the gas products with O 2 addition.
In this study, 2% SF 6 at a flow rate of 50 ml/min was degraded thoroughly with the participation of H 2 O and O 2 . The DRE could reach 98.2%. However, the flow rate is relatively low and there are some primary by-products such as SF 4 and S 2 F 10 , indicating that the degradation of SF 6 is not complete. Therefore, designing DBD reactor matrix or using packed bed materials may improve the SF 6 processing efficiency and this is the focus of our current study. 
IV. CONCLUSION
In this paper, a DBD-based SF 6 decomposition platform is provided, which can effectively degrade high concentration SF 6 . The degradation of SF 6 at 2% concentration with H 2 O and O 2 involved was studied experimentally. The effects of the two gases on the DRE and EY were studied. The active species and by-products were also analyzed.
The results show that the participation of H 2 O and O 2 can effectively promote the DRE of SF 6 . The DRE of SF 6 first increased and then decreased with the increase of O 2 concentration. The best degradation effect can be obtained at SF 6 /O 2 = 1/1. Under the conditions of 0.5% H 2 O and 2% O 2 , the DRE of 2% SF 6 was 98.2% at 50 ml/min flow rate and the EY reached 5.73 g/kWh.
By the emission spectrum detection, we found a large number of Ar I-type lines were generated in the plasma region. At the same time, the lines of O, OH, F and S were detected in the reaction zone, which indicated that the addition of H 2 O and O 2 could effectively produce more active particles like OH, H and O, and promote the bond breaking process of SF 6 . In addition, it was found that there was a Si line in SF 6 /H 2 O/Ar system, indicating that HF was generated during the reaction with H 2 O addition, to etch the inner wall of the reactor. The product analysis shows that the addition of H 2 O promotes the production of SO 2 , while the addition of O 2 promotes the production of SO 2 F 2 , but SOF 4 is the major decomposition product in both discharge systems. This paper provided the experimental support for better understanding the decomposition mechanism of SF 6 and the engineering application of SF 6 exhaust gas treatment by using low-temperature plasma.
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